Soybean (Glycine max) alcohol dehydrogenase (ADH) cDNAs were amplified in vitro from total RNA by the polymerase chain reaction (PCR). The amplification strategy involved first strand cDNA synthesis from anaerobic cotyledon total RNA using an 18-thymidine primer. The second strand cDNA primer was a conserved sequence near the 5' end of known plant ADH transcripts. The PCR products were ligated into a plasmid vector and unique clones were isolated on the basis of size and restriction pattern. Sequence analysis revealed three distinct classes of soybean ADH cDNAs, all of which showed high homology to Adh genes from maize and peas. RNA blot hybridization analyses showed differential expression patterns for these genes. One gene, expressed constitutively in all seedling organs, was inducible by anaerobiosis, one gene was expressed only in anaerobic organs, and the third gene was expressed predominantly in anaerobic roots.
ADH2 (EC 1.1.1.1) in many plant species is inducible by anaerobiosis or flooding stress (6, 12, 14, 15, 18, 27) . The plant ADH enzyme is a protein dimer of about 80 kD (8, 30) . In maize, the products of two unlinked genes, Adhl and Adh2, dimerize randomly to form three electrophoretically distinct isozymes: ADH1-ADH1 homodimer, ADH1-ADH2 heterodimer, and ADH2-ADH2 homodimer (9) . The twoAdh gene system reported in maize has also been observed in rice (30) . Soybean (Glycine max) is less tolerant of flooding than either maize or rice (22) . The number of soybean Adh genes has not been determined. A single ADH isozyme band was reported from soybean roots (1, 15, 22) . Gorman and Kiang (11) screened 113 soybean genotypes for variants in ADH zymograms and reported that seeds of 86% of the genotypes tested had seven-band zymograms, 10% of the genotypes had five-band zymograms, and 4% had four-band zymograms. From the genetic analysis of the mode of inheritance of the observed variants, the authors proposed a fouror possibly five-gene model for soybean Adh zymogram was also reported for ADH in soybean embryonic tissues (28) . We previously demonstrated that the isozyme pattern of soybean ADH is organ specific (21) . A single ADH isozyme was resolved by native PAGE of protein extracts from aerobic and anaerobic soybean leaves, hypocotyls, and roots. The cotyledons of aerobic soybeans contained three ADH isozymes: two were distinct, one was faintly visible. Following anaerobiosis, all three cotyledonous isozymes increased in activity. Therefore, soybean ADH, like maize and rice, appears to be encoded by at least two genes. These genes are expressed in a tissue-specific manner with one gene expressed in all seedling organs, whereas the other gene appears to be expressed only in the cotyledons.
To determine the structure and organization of soybean Adh genes, we have used PCR to amplify the Adh gene family in vitro from total RNA of anaerobic cotyledons. We report here the sequences of the unique ADH cDNA clones and their patterns of expression. One Adh gene, expressed constitutively in all seedling organs, was inducible by anaerobiosis, one gene was expressed only in anaerobic organs, and a third gene was expressed predominantly in anaerobic roots.
MATERIALS AND METHODS

Reagents
All chemical reagents, except when stated, were from Sigma3.
RNA Extractions
Total RNA was isolated from aerobic and anaerobic roots, hypocotyls, cotyledons, and leaves of 10-d-old soybean (cv Keller) seedlings (21) by the guanidinium extraction method (2) with the addition of a CsCl (Bethesda Research Laboratories) gradient purification step (10) .
Primers
The primers diagrammed in Figure 1 were synthesized by Synthecell Corp. (Rockville, MD). First-strand cDNA was synthesized using an 18-thymidine primer (primer 1). Primer 2, the sense-strand primer, was a conserved sequence whose location in maize ADH1 is 139 to 167 bases downstream from the translation start site (3). The conserved sequences of plant ADH were found by comparing the published sequences of maize (3, 4) , barley (29) , and pea (16) ADH cDNA. There is 100% amino acid homology between the various plant ADH proteins within the conserved regions. The degeneracies in the primers were based on codon usage of soybean and on sequence mismatches in the third position of the codons that did not alter the amino acid code (13, 19, 26) . Restriction sites were incorporated on the 5' end of the primers to facilitate directional cloning of the PCR products into plasmid vectors.
Synthesis of First-Strand cDNA
Total RNA from anaerobic cotyledons (9 ,ug) of the thermal block to ensure good thermal transfer between the block and the tubes.
Electrophoresis
DNA was electrophoresed through a 1% agarose (ultrapure grade, Bio-Rad), Tris-acetate gel containing ethidium bromide (17) . Total RNA (10 ug), isolated from aerobic and anaerobic organs of 10-d-old seedlings (21) , was separated by formaldehyde (Mallinckrodt) agarose gel electrophoresis (17 
F PCR Product Purification
The PCR products were electrophoresed through a 1% agarose gel as described above. The DNA fragments were excised from the gel and purified using either GeneClean (Bio 101, Inc.) or electroelution (17) Hybridization of the maize ADH1 cDNA (3) probe to the PCR products showed that the 1.3-, the 1.1-, and the 0.6-, and 0.7-kb fragments were all related to ADH cDNA (Fig.  2B) . The higher mol wt products that hybridized to the maize ADH1 probe may be incompletely processed mRNA containing introns or may be artifacts generated by the PCR process.
DNA Blot Hybridizations
DNA blot hybridization analysis revealed three classes of clones, based on the ability of individual clones to crosshybridize. Clones 10, 38, and 71 could not be distinguished by hybridization criteria (Fig. 3A) and appear to represent the same DNA clone. At high stringency, clones 57 and 73 hybridized only to themselves (Fig. 3, B and C) . Crosshybridization of these clones occurred at a slightly lower stringency. According to the hybridization results, clone 73 was more closely related to clones 10, 38, and 71 (Fig. 3, D and F) than to clone 57 (Fig. 3E ).
DNA Sequencing
The DNA sequencing data confirmed that clones 10, 38, and 71 represented the same sequence, whereas clones 57 and 73 represented separate ADH sequences (Fig. 4) . The sequences of the three unique clones, 10, 57, and 73, were translated to give the putative peptides encoded by these amplified clones. When these peptide sequences were aligned with pea or maize ADH sequences (Fig. 5) , we observed significant sequence homology between all three clones and the previously characterized Adh genes. Thus, the three am- Figure 5 . Alignment of soybean ADH peptide sequences with those of pea and maize. Identical residues are shown in uppercase, nonidentical residues in lowercase. Dots indicate gaps inserted into the sequence to maximize the homology during the alignment.
RESULTS
Amplification of Soybean ADH cDNA from Total RNA The PCR reaction yielded two major cDNA products. The most abundant product was 1.3 kb in size, and a secondary fragment of approximately 1.1 kb was also amplified (Fig.  2A, lane 1) . Both of these fragments hybridized to a maize ADH1 cDNA (3) probe (Fig. 2B, lane 2) . Soybean ADH mRNA is 1.6 kb in size (21) . Because the sense-strand primer in the PCR reaction was located 139 to 167 bases downstream from the translation start site of the maize ADH transcripts, the 1.3-and 1.1-kb PCR fragments were of reasonable size to be ADH cDNA.
Digestion with EcoRI revealed that the 1.3-kb PCR product was actually a mixture of at least two different fragments (Fig. 2A, lane 3) . The digestion produced two fragments of about 0.6 and 0.7 kb in size on the agarose gel, whereas a significant amount of uncut DNA remained. Because the lambda DNA was cut to completion in the test digest, the uncut fragment probably represents soybean ADH cDNA without EcoRI recognition sequences. The 1.1-kb PCR product was not digested by EcoRI. 
RNA Hybridization Analysis
Hybridization analysis of RNA from aerobic and anaerobic cotyledons, hypocotyls, leaves, and roots was performed at a stringency that did not allow the DNA clones to crosshybridize. Because the melting temperature for RNA-DNA hybrids is higher than for DNA-DNA hybrids, and genespecific probes were not used, some cross-hybridization of the clones could have occurred. Despite these limitations, a unique expression pattern of the ADH transcripts corresponding to each clone was observed (Fig. 6) . ADH transcripts corresponding to clone 10 were detected in anaerobic cotyledons, hypocotyls, and roots (Fig. 6B) . ADH transcripts corresponding to clone 57 were detected primarily in anaerobic roots and, to a much lesser extent, in anaerobic cotyledons and hypocotyls (Fig. 6C ). Clone 73 was the only one that hybridized to aerobic RNA (Fig. 6, D and E). Figure 6 , D and E, shows that the ADH transcripts corresponding to this clone were present in both aerobic and anaerobic cotyledons, hypocotyls, leaves, and roots.
Hybridization with the soybean actin probe pSAC III (26) revealed that the actin message abundance declined during anaerobiosis at the time when the ADH message abundance increased (Fig. 6F) .
DISCUSSION
This study demonstrates that PCR can be used to amplify members of a gene family simultaneously from total RNA. Clones 10, 57, and 73 all coded for ADH, but were distinctly different both in their nucleic acid sequences and in their expression pattems.
Both maize Adhl and Adh2 genes are expressed at a low level in aerobic seedlings and are induced simultaneously in response to anaerobiosis (7, 8) . The anaerobic induction of soybean ADH reported in this study appeared to be gene specific. Although the transcripts corresponding to the three soybean ADH clones isolated were induced by anaerobiosis, ADH transcripts corresponding to clone 73 were the only transcripts that accumulated in aerobic tissues. Transcripts corresponding to clones 10 and 57 were expressed only in anaerobic tissues.
The organ-specific expression of ADH has been documented in maize (23) (24) (25) , rice (30) , and soybean seedlings (21) . Using gel electrophoresis, Xie and Wu (30) reported that both ADH1 and ADH2 proteins were detected in rice leaves, sheaths, nodes, and roots. However, although ADH1 is the predominant isozyme in rice leaves, sheaths, and nodes, ADH2 is the predominant isozyme in rice roots. It remains to be clarified whether clone 57, which detected the expression of the predominantly root-specific ADH transcripts, is related to the rice Adh2. Comparison of amino acid sequences indicated that clone 57 was somewhat more related to maize Adh2 than to maize Adhl-F (data not shown). The promoter region of this gene, once identified, will be useful in research involving transgenic soybean, where it is necessary to have the target genes expressed predominantly in anaerobic roots.
In this study, total RNA from anaerobic soybean cotyledons was used as the template for the PCR amplification. However, the expected cotyledon-specific gene was not cloned. Because soybean is an allo-tetraploid, it is likely that another Adh gene exists that was not amplified by PCR, or was missed during the cloning of the PCR products. Using the soybean ADH clones isolated in this study as probes, we are currently in the process of isolating full length ADH cDNA clones and genomic clones from soybean libraries.
